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Abstract 
We report the h s t  successfd integration of magnetostrictive Metglas2605S2 
thin film sensor system on silicon with high resolution capacitive read- 
ont. A deposition process for Metglas thin film has been developed to d o w  easy 
control of thin film composition. An amorphous microstructure has been achieved 
over a wide temperature range, and in-situ magnetic domain alignment can be ac- 
cornplished at room temperature as the film is deposited. The thin film has been 
characterized by Inductively Coupled Plasma (ICP) analysis for composition, X- 
Ray Diffraction (XRD) spectrum for microstructure, magnetization measurement 
for domain alignment and capaci t ive measuremen t for magne t os t rict ion. The t hin 
film is suitable for any magnetostrictive sensor applications, in particular, for IC 
compatible microsensors and microactuators. We have dernonstrated the subse- 
quent process integration with IC fabrication technology. Here, the Metglas thin 
film has been successfidly incorporated to micromechanical structures using surface 
micromachinhg with appropriate choice of sacrificial layer and low stress mechan- 
ical layers. 
In addition, we present the development of a high resolution capacitive readout 
circuit CO-integrated with the sensor. The readout circuit is based on a floating 
gate MOSFET configuration, requiring just a single transistor and operated at DC 
or low fiequencies. Using the prototype developed in-house, we have successfully 
demonstrated a resolution capability of 10-l7 F, this translates to a few A in t e m s  
of cantilever beam deflection of the sensor. The floating gate readout technique 
is readily applicable to any capacitive sensors with a need for on-chip readout. It 
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Over the past three decades, significant progress has been made on the storage, 
processing and transmission of information, with the development of sophisticated 
microelectronics and powerful computer systems . Nowadays, there is growing de- 
mand on smart chips that gather information fiom the non-electrical world, process 
the information using electronic infrastructure, and subsequently output the infor- 
mation in the form of electricd or non-electrical actions. The success of such chips 
depends largely on the development of microsensors and microactuators [l, 21. 
Sensors and actuators have been with us since ancient time. For example, the 
magnetic compass made of magnetite (Fe304) was known to man for at le& two 
thousand years. Because of th& importance to o u -  well being, the search for sen- 
sors that have high sensitivity, good 
been actively pursued by rnankind. 
lineaxity and 
Thdi tionall y, 
large dynamic range has always 
sensors are designed to MfiU a 
certain fonctionality. They were often large in size and with non-electrical out- 
put, hence not compatible wit h the modern miccoelectronic technologies. However, 
they provided very important knowledge base for developing the s tate-of- the-art 
microsensors. Examples of magnetic sensors are listed in Table 1.1 [3]. 
field 
The current work is inspired by what has been achieved with the fibre-optic 
magnetostrictive magnetometer. Our goal is to develop a microsensor system on 
silicon which takes the advantage of both the high sensitivity of magnetostrictive 
magnetometers and the signal processing capability of microelectronics. 
1.2 Magnetostrictive sensors 
Magnetostriction is a phenornenon exhibited by most of the ferromagnetic materi- 
als. It describes the change in linear dimension of the material in the presence of a 
magnetic field. In general, the larges the magnetostriction, the harder it is for the 
material to be magnetized. In most applications, magnetostriction is a negative fac- 
tor since it is responsible for stress, loss, magnetic anisotropy and low permeability. 
In recent years, extensive research efforts devoted to amorphous magnetic materials 
have bronght about some breakthroughs. For example, a family of Fe-based amor- 
phons alloys called Metglas has been found to possess both large magnetostriction 
and low saturation field 141. 
Opticd Fibre M-Z Interferorneter 
Photodiod cl 
fibre Coupler Magne tostriction 
Ribbon 
Figure 1.1: Magnetostrictive sensor based on optical fiber interferorneter 
This unique material property has recently drawn sigiilficant interes t in sen- 
sor and actuator applications. In magnetostrictive sensors, the magnetic field is 
first converted to a mechanical strain in the Metglas ribbon, which is subsequently 
measured by a mechanical transducer. Laboratory prototypes have been fabricated 
utilize fibre op tic interferometers [5] (see Fig. 1.1) or piezoelectric polyrners [6] as the 
mechanical transducer. Exciting results have been reported, which demonstrate a 
magnetic field resohtion of 10" Oe. Althongh the magnet os tnctive magnet ometer 
is not as sensitive as the SQUID, it does not reqnire cryogenic cooling and its sen- 
sitivity and noise behavior is comparable to, or better than, the more conventional 
induction coil and flux gate magnetometer, which are bulkier and more expensive. 
When M y  developed, the magnetos trictive magnetometer will potentially replace 
the induction coil and flux gate magnetometer in applications such as navigation 
(magnetic compass) and mineral prospecting. 
1.3 Problem statement 
Although the results of previous work look promising, there are several problems 
generally acknowledged. Firstly, the commercidy a d a b l e  as-cast Metglas nbbon 
does not readily lend itself to sensor applications due to the high intemal stress 
and random rnagnetic domain structure. In order to reduce the stress and to align 
the domains, a high temperature (around 400°C) post annealing is needed in the 
presence of a magnetizing field. During the annealing procedure, ribbons need to be 
protected by vacuum or inert gas to prevent oxidation. Secondly, the size of curent 
prototypes, ranging from 3 cm to more than 30 cm, is too large for microtransducer 
applications and cannot be integrated with circuitry on silicon for realization of 
smart sensor systems. More importantly, there are no adequate means of coupling 
the magnetic strain induced in the Metglas material to the mechanical transducer. 
Currently, Metglas nbbons are glued onto optical fibres or piezoelectric polymers 
by epoxy. The epoxy layer not only increases the mechanical Ioading of the ribbon, 
which reduces the actual strain coupled, but also disturbs the rnagnetic domain 
stmct ure op timized previously by annealing, by virtue of interface stresses induced 
dnring the curing process of the epoxy [?]. 
These issues are obstacles for this O therwise very attractive technology. Aiming 
to solve these problems, we have made progress in the foIlowing three areas. First , 
the Metglas ribbon is replaced by a Metglas thin fh deposited by DC magnetron 
sputtering [8]. The film is domain aligned in the predesigned direction, and has low 
interface stresses with the substrate. Second, Metglas thin film sensors have been 
realized on silicon with a standard IC technology. Third, a MOSFET circuit has 
been successfidly integrated with the sensor on silicon, resolving the key challenge 
of small capacitive signal readout [9]. 
1.4 Thesis structure 
We review the previous work based on Metglas nbbon and fibre optical interferom- 
eters in chapter 2 and establish necessary technical background for later chapters. 
Chapter 3 discusses the deposition and characterization of the Metglas thin film. 
Characterization techniques include Inductively Coupled Plasma analysis (ICP) 
for s toichiometry, X-Ray Diffraction spec trum (XRD ) for microstructure, thin film 
magnetization curve measurement for easy axis identification and magnetostriction 
measurements for magnetoelastic properties. Emphasis will be given to the in-situ 
magnetic domain alignment, stress reduction at the interface and IC compatibility. 
Chapter 4 describes the realization of the magnetostrictive microsensor system 
on &con using the standard MOSFET process and surface micromachining tech- 
nology. We will analyse the design, characterization and optimization issues of the 
floating gate MOSFET readout circuit to achieve an at toFarad capacitive resolu- 
tion. A brief discussion is also given on the application potential of the floating 
gate MOSFET readout circuit to other areas, notably in IC process parameter ex- 
traction and chernical sensing. 
Chapter 5 summarizes the major achievements of the current work, and pro- 
vides the possible directions for further improvement. 
Chapter 2 
Metglas ribbon sensors 
The development of magnetos trictive magnetometers dated back to the early 807s, 
following progress in two key areas: commercial availability of Metglas nbbons that 
possess large magnetostriction and low saturation field and applications of the fibre 
op tical interferometer as high sensitivity strain gauge. 
The use of an optical fibre interferometer with magnetostrictive material, for 
magnetic fidd measurement was first proposed by A.Yariv and H.Winsor in 1980 
[IO]. They suggested the use of a very long sensing arm (kilometers) to accumulate 
the tiny strain in the magnetostnctive material to yield a length change compara- 
ble to that of the optical wavelength. By compsring the phase of the sensing and 
the reference arms (see Fig.l.l), the magnetic fidd strength is retrived fiom the 
measurement of optical intensity at the interferorneter output. At about the same 
time, D.A Jackson [Il] et  al. demonstrated that the fibre-optic interferometer has 
an extremely good resolution on length ( I O - ~ A  ! ), so that the long sensing arm 
suggested by Yariv is not actuaily needed. 
From the mid 80's to early go's, there has been extensive research on mag- 
netostrictive materials. Diffcrent material compositions and annealing conditions 
have been studied to optimize th& magnetic properties. It t m s  out that one of 
the major challenges cornes from efficient coupling of the magnetic field induced 
strain to the optical fibre. 
In the fo110wing sections, we will review the progress on magnetostrictive mate- 
rials, high sensitivity fibre optic strain gauges, low noise signal readout and issues 
related to magnetic - mechanical coupling. Our discussion will be kept simple; a 
more in-depth description can be found the the appendix B. 
2.1 Mat erials 
Magnetostrictive materials are characterized by two key parameters: saturation 
magnetostrictive strain, A. and saturation magnetic field, Ha. The former is a mea- 
sure of the size of the effect , while the latter indicates how easy to achieve it . Since 
the magnetostrictive transducer is a device that converts energy fiom a magnetic 
domain to a mechanical domain, a large A. and small Ha are desirable for high 
transduction efficiency. 
Two kinds of materials are important for magnetic tramducers. The first is the 
so cded  "giant" magnetostrictive matenal made of the d o y  of rare earth element 
(e.g., Tb, Dy, Sm, Ho) and transition elements (Fe, Ni, Co). They possess the high- 
est known saturation strain (A.= 1759 ppm for TbFe2) at room temperature, but 
require a very high field (> 1000 Oe) to operate [12]. These materials are candidates 
for magnetic actuators. A wireless mobile micro robot has been demonstrated us- 
h g  giant magnetostrictive d o y  [13]. The second dass of magnetostrictive material 
is the iron based amorphous alloys often refared to as Metglas. These materials 
have a combination of large A. (20-60 ppm) and low saturation field (< 1 Oe) [14]. 
It is the low saturation fidd that makes these materials particularly attractive for 
sensor applications. 
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Figure 2.1 : Material choice for magne tic tramducers. 
Figure 2.1 highlights the main diffaence between these two groups of materi- 
als and associated processes needed to improve their performance. Although both 
materials are technically important, our attention will focus on Metglas since our 
main interest is in sensor applications. It is important to recognize here the unique 
properties of magnetostrictive materials. 
It is weU known that A, and H. are not just mataial related quantities, they 
are very much infiuenced by the history of mechanical, thermal, and magnetic 
treatments [15]. In general, stress increases Ha (or hardens the material), while 
annealing helps release the stress (or sofkens the material). If a magnetic field is 
applied durhg the annealing process, domains will rotate towards the direction of 
the field. This domain aligned state may remain in magnetostrictive materials if the 
temperature is withdrawn before the field. Because magnetostriction is the result of 
domain rotation, it depends very much on the original magnetic domain structure. 
Since amorphous materials do not possess a lattice structure, they can be regarded 
as isotropic. The magnetostriction in such materiah can be well described by a 
simple mode1 proposed by Livingston (161: 
(1) In isotropie materials (polycrystalline or amorphous) under nonsaturated 
conditions, X depends on both the value of saturation magnetostriction A, (a mate- 
rial constant) and on the change of magnetic domain configuration 60m its initial 
arrangement [17, 18) : 
Here, 9 is the angle between local magnetization of the domain and the external 
10 
mapetic field, < cos20 > refers to the average value of magnetic moment distri- 
bution in the field (which equates to unity when H > H.), and < cos20 >, is the 
average value of the original state. Clearly, X lies somewhere between zero and 
:A,, depending on the original configuration of the domain structure, and has a 
maximum value when < cos20 >,= O, ie., when all of the domains are initidy 
aligned perpendicular to the field. Any spread in the direction of initial moments 
(say the moments lie within a fan or cone of 90° k d) will reduce the maximum 
possible value of X. This reduced saturation strain is sometimes also referred to as 
engineehng magnetostriction Xe. In practice, Xe is more important since it deter- 
&es the maximum response of the material. 
(2) In metallic glasses, the 90" state can be achieved by annealing the sample 
in the presence of a transverse magnetic field, whicb defines the direction of the 
macroscopic easy axis. Since the amorphous material does not have any macro- 
scopic order, a uniaxial anisotropy can be developed dong the direction of the 
annealing field. In sensing applications, an extenial magnetic field perpendicular 
to the easy axis has the characteristic of driving magnetic moments away fiom this 
axis, causing an energy inerease of K,cos20. Here, Ku is the anisotropic energy. At 
low fields, X can be related to the extemal magnetic field H through the following 
simple equation: 
where 
and Ha 2 2K,/M8 is the anisotropic field associated with the easy mis. This is 
equivalent to H8 in metallic glasses. When the ideal conditions are not completely 
satisfied (Le . ,  b # O or a residual stress exists), equation 2.2 still holds approx- 
imately, but C reduces to a smder value, Ceff. The figure of merit for sensor 
applications is this effective magnetomechanical coupling (or piezomagnetic) coeffi- 
cient C e f f  It  is clear that a large Ceit requires a combination of large A, and small 
H a  
Since the mid 80's, there are several groups working actively on metallic glass 
materials for sensor applications. These include the Naval Research Lab. [19, 201 
in the US, University of Bath [21], University of Kent [5] and GEC Research Lab. 
[7] in the UK. Most of the research work is focused on iron based amorphous 
d o y  families called Metglas, in particular, Metglas2605S2 (Fe7&i9BI3) and Met- 
glas2605SC (Fe81B13.5Si3.&2). These are all commercially a d a b l e  in the form 
of a thin ribbon(15-50 pm) with saturation magnetostriction A. of approximately 
+30 x 10-~ [19]. One of the most important factors atfecting the performance of 
Metglas ribbon is the magnetic domain orientation. Several approaches can be ap- 
plied to control the domain aligximent. 
Bucholtz et al. (19, 201 have studied the effect of field annealing (Fig.2.2 (a) ) 
at various temperatmes, annealing times, and field strengths. They find that the 
spread of initial magnetic moment orientation 6 can be controlled to within a few 
degrees by annealing the ribbons in a field dhected dong the width of the sample. 
The effective coupling constant Ceff c m  be improved by a factor of 10 compared 
to the as-cast material, with a maximum observed value of (2.0 - 2.5) x 0e-2. 
Ha is found to be 0.81 Oe for Metglas2605S2 and 0.9 Oe for Metglas2605SC. The 
Figure 2.2: (a) field annealing, (b) stress-annealing, ( C) surface crys tallization. 
best result is obtained under an annealing field of 1200 Oe at 400°C for 3600 sec. 
&ans et al. [22] studied changes of domain structure in stress-annealing (Fig.2.2 
(b ) ) . Stress affects the magnetic domain structures through magnetomechanical 
coupling. They observed that an uniaxial tension can rotate the domains towards 
the stress axis (for positive magnetostriction materid), making it easier to magne- 
tize dong the direction. This is however a reversible process, since domains return 
to their original orientation upon withdrawal of the stress. To keep the aligned 
domain structure permanent, a temperature of 200°C is needed while the stress is 
applied. 
Surface crystallization [7] is a special case of stress-annealing (Fig.2.2 (c) ). 
Samples were heated up to 450°C, to allow a slight crystallization at the surface of 
the ribbon. Because the density of the crystak is about 2-3% higher than that of 
the amorphous phase, the surface layer will contract. This imposes a biaxial com- 
pression on the amorphous layer sandwiched in the center, pushing the domains to 
orient in the direction perpendicular to the ribbon surface. 
2.2 Magnet ornechanical coupling 
Magnetos trictive sensors are tandem transducers which involve at leas t a two stage 
transduction process. The mechanical strain generated by magnetostriction needs 
to be coupled to a secondary transducer such as a fibre-optic intederorneter [5] ,  
cantilever-capacitor [24], or a piezoelectric element [6], through a proper coupling. 
In early work, the transverse-field-annealed metallic glas ribbon was simply 
glued onto the subsequent transducer stage by epoxy. It was soon realized that 
the epoxy had a great negative impact on the performance of the magnetometer. 
Bucholtz et al. [27] showed that the epoxy could reduce the magnetic strain by a 
factor of 6. The main cause for such a degradation was believed to be the stress- 
induced easy axis reorientation. As the epoxy cured, it placed a biaxial compressive 
stress on the ribbon which pulled the easy axis away fiom the ideal orientation 
(Fig.2.3). Mermelstein [28] fbrther pointed out that stress was also a source of 
noise. One way around this was to use a.lower modulus adhesive [27] or even a 
viscous fluid [29] as the bonding medium. Amongst other dif5culties, however, this 
technique compromises the low frequency behavior of the device, and thus it is not 
a suitable solution. 
M Z  Fibre optic Interferorneter 
Figure 2.3: Epoxy induced stress. 
Vincent et al. [7] suggested the use of a snrface crystallized nbbon as the mag- 
netostrictive material. As discussed in section 2.1, the surface crystallized nbbon 
has an easy axis oriented perpendicdar to its surface, the compressive stress asso- 
ciated with epoxy cannot disturb the orientation of the moments, hence has less 
negative impact on the overall performance of the sensor. Although it overcomes 
the problem of domain re-orientation, this method has its own shortcomings. As 
the authors [7] point out, surface crystallization tends to make the ribbon brittle 
which presents handling problems during assembly. 
2.3 Signal processing 
Sensors are generally characterized by two parameters: sensitivity and resolution. 
The former is the system response to the measurand while the latter is the mini- 
mum detectable signal level, which can be improved by either increasing the output 
(higher sensitivity) or reducing the noise [30]. 
For a tandem sensor system like the magnetostrictive magnetometer, the overall 
sensitivity is the product of the sensitivities at each transduction stage. In order to 
achieve a good performance, every stage needs to be optimized. The sensitivity of 
the first stage is determined by the material properties as discussed in section 2.1. 
The sensitivity of the second stage depends on the individual system chosen. With 
the fibre optic interferorneter as an example, the sensitivity is proportional to the 
length of its sensing arm. Theoreticdy, this can be improved by simply increasing 
the length of the sensing arm. In practice, however, a very long sensing arm, as 
suggested by Y&v et  al., has never been implemented. Apart kom the fact that 
a large size is inconvenient for many applications, it also limits the spatial resolu- 
tion of the device. Furthermore, a larger device is more vulierable to temperature 
fiuctuations, vibration, and fiequency drifts of the laser source. In addition, when 
the two a r m s  are out of balance, which is more likely for longer amas, the sensor 
system constantly drifts, and hence does not function as desired. This implies that 
an increase in sensitivity may not necessdy be beneficial to the resolution [30]. 
This is also tme for other kinds of strain-sensitive tramducers. 
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Figure 2.4: AC signal detection in an optical interferorneter. 
Thus limiting the size of the device, for reasons explained earlier, suggests that 
resolution improvement is determined by reduction of the noise level. Actudy, the 
subatomic resolution of interferometers mentioned previously can never be achieved 
by directly exposing the magnetometer to the slowly varying field that is to be 
measured. Here, the optical interferorneter is not capable of distinguishing the 
magneticdy-induced signal phase shift fkom environmentally induced noise and 
drift, which are known to predorninate at low frequencies (f < 10 Hz). To exploit 
the high resolution potential of the optical interferorneter, the DC or low fiequency 
signal has to be modulated as a high frequency AC displacement (Fig.2.4). 
The low fkequency signal modulation in magnetostrictive materials is made pos- 
sible by its nonlinearity, i e., the magnetic strain is a nonlinear function of magnetic 
field, X = CH2. When driven by a .  AC field Ha,, the total magnetic field H expe- 
rienced by the magnetometer is, 
and the mechanicd s train becornes: 
Among the t h e e  terms, the f i s t  harmonic term Xw = 2CH&Hac i s  of particular 
interest. Here the DC signal, Eld, has become part of the high fiequency (w - kHz) 
AC amplitude, or the high frequency signal. What seems more interesthg is the 
fact that the magnetostrictive material functions not only as a mixer (by making 
use of Hac as carrier of the Hds) to take fid advantage of the high resolution at 
high fiequency, but also as an amplifier when Hd, < Ha,. The amplification ratio 
p can be expressed as: 
If H, = 1 Oe, and for a DC signal of Hd, = 1 0 - ~  Oe, P c m  be as large as 





(a) ~agnetostri&on as a function of the total field. 
(b) Phase shift as a function of DC field 
in the presence of an AC driving field. 
Figure 2.5: The dynamic responsivity of magnetostrictive materials. 
Figure 2.5 (a) represents the response of the strain to the total magnetic field, 
and Fîg. 2.5 (b) is the derivative of the curve shown in (a). For a fixed driving field 
H,, the DC signal can be represented by Fig. 2.5 (b). Within the dynamic range, 
the dynamic responsivity is fairly h e m  with H&. Actudy, the signal modulation 
process is analogous to AM radio broadcasting; audio signals are sent as the am- 
plitude envelop of a high fiequency radio wave with noise being much smaller than 
the audio 1eveI. 
In summary, good magnetostrictive materials (Metglas) are commercially avail- 
able. Various schemes of obtaining a optimal domain shvcture have been studied, 
including field annealing, stress annealing and partial surface crystalization. How- 
ever, what remains to be solved is the issue of efficient mechanical coupling between 
the Metglas and the strain sensor without disturbing the magnetic domain struc- 
ture in the former. In addition, the issue of developing a process that is compatible 
with the IC technology should be addressed. These constitute the topics of the 
next chap ter. 
Chapter 3 
Metglas t hin film deposition and 
characterization 
3.1 Basic requirements 
In the development of magnetostrictive sensors, Metglas thin film has not received 
as much attention as it deserves. This may be partly attributed to the ease of 
availability of high quality ribbons. Although good performance prototypes can be 
demonstrated with the ribbon, the problems assouated with epoxy bonding make 
the technology poor in reproducibility and high in assembly cost, hence malaing it 
difficult for high volume production [7]. The problem is not due to the Metglas 
ribbon nor the fibre optical interferorneter, but due to the incompatibility of the 
two technologies. Eliminating the epoxy layer using thin film deposition appears 
to be a natural solution. 
To achieve a device quality Metglas thin film, three requirements have to be 
satisfied, namely, the right d o y  composition, the correct microstructure (amor- 
phous) , and fuIly aligned magnetic domains in the desired direction. In addition, 
the deposition has to be carried out at room temperature if the thermal expansion 
related interface stress is to be eliminated. Besides solving the mechanical coupling 
problem, the thui film technology has to be incorporated with the IC process, to 
make possible the integration of the sensor and the readout circuit on the same 
chip. 
Metglas2605S2 (Fei&Bla) has been chosen for the current study because of 
its superior magnetic properties and relatively simple chernical composition among 
the Metglas family. We use DC magnetron sputtering as the deposition method be- 
cause of its ease of composition control [31, 321. The major advantage of sputtering 
over other deposition techniques is that it can transfer the stoichiometry of an d o y  
target to the substrate as long as the target is made of non-volatile elements, and 
no direct high energy particle bombardment (or reverse sputtering) occurs at the 
substrate. Hence the d o y  composition of the thin film can be controlled simply by 
choosing the right composition for the target. 
3.2 Deposition system and deposition condit ions 
The sputtering system for Metglas thin film was developed by upgrading an old 
evaporation station. The vacuum is provided by a standard mechanical-diffusion 
purnp system. A base pressure of low torr is achieved with the help of a 
liquid nitrogen trap. A special sputtering gun arrangement has been employed to 
allow penetration of the magnetic field fiom the gun through the 0.125 inch thick 
Sputtering gun 
Difision 
Figure 3.1: Sputtering deposition system. 
high penneability Metglas target. The substrate holder has been designed with a 
capability of m g  the temperature £rom that of liquid nitrogen to 500°C. The 
substrate temperature c m  be monitored by a themecouple. 




Deposition rate (Almin) 
The d o y  composition of the film is accomplished by DC magnetron sputtering 
using a single target of the stoichiometEc alloy made by vacuum melting. The 
target was supplied by Knrt J. Lesker Company. A moderate 450 V is used to pre- 
vent the reverse sput tering. The only possible volatile element in Metglas2605S 2 
is boron. To ensure the thin film has the right stoichiometry, Inductively Coupled 
Plasma (ICP) analysis has been performed, which confirmed that there is no defi- 
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To achieve an amorphous phase in metallic alloys, high speed quenching is 
required. This can be achieved experimentally by controlling the substrate temper- 
ature and sputtering power. Initial deposition t d s  were done at Iiquid nitrogen 
L 
Figure 3.2: X-ray diffraction pattern of samples deposited at room temperature 
(Xi ) ,  300°C (X2) and 400°C (X3). XI has been vacuum annealed at 500°C for one 
hour . 
temperatme to ensure an amorphous microstructure. Most samples in this work, 
however, are deposited at room temperature. Higher temperatures np to 400°C 
have also been tried to estimate the tolerance of the amorphous phase to substrate 
temperature. A low power of 100 Watts has b e n  chosen to prevent the heating of 
the substrate by plasma. The substrates used for the studies of thin film properties 
were microscope cover g las  slides of 150 pm in thickness. The deposition t h e  was 
kept as 10 minutes; the deposition rate was 130 A per &te. 
X-ray diffraction (XRD) measurements have been perfomed to determine the 
deposition and post thermal processing boundaries for the amorphous phase. Of 
the three samples studied (see Fig.3.2), only X3, deposited at 400°C, shows a clear 
crystalline peak which might be attributed to Fe3B. The amorphous phase is not 
only easy to achieve in Metglas thin films (up to 300°C), but it is also quite stable 
once formed. Thus, if the Metglas thin film is to be deposited on silicon at the end 
of an IC process, it should be able to survive the temperature of processing steps 
associated with die bondhg and packaging. 
3.4 In-situ magnetization 
The key to the success of the thin film approach lies in the ability of defining 
the domain structure in-situ, as the film is being formed. Post field annealing on 
the Metglas thin film is found to be not as effective as its nbbon counterpart. This 
may be attributed to the difference in thermal expansion coefficients between the 
film and the substrate. Stress at the film-substrate interface WU build up upon 






Figure 3.3: Magnetizing the thin film during deposition. 
netization field. Hence the field annealing is not an efficient option for improving 
the magnetic performance of the thin film. 
In-situ domain aligpment at room temperature provides the only means of min- 
imizing the thermal-expansion-induced interface stress. This is accomplished by 
placing a permanent magnet near the substrate to magnetize the thin film as the 
deposition process proceeds (Fig.3.3). The field at the midpoint of the horse shoe 
magnet is about 300 Gauss, and the substrates are placed 3.5 inches away fkom 
the target. At this distance, the residual magnetic field fiom the sput tering gun is 
about 30 Gauss, ten times less than the magnetizing field. 
3.5 Magnetic characterization 
To verify if the domains of the thin film have been successfidy aligned during 
the sputtering process, a magnetization measurement has been performed on the as- 
deposited samples. The home-made cuve tracer (Fig.3.4) used in this measurement 
is a simplied version of what has been used in [23] for thin film characterization. 
Basically, the thin film sample is placed inside a pair of Helmholtz coils, with its 
plane parallel to the applied magnetic field. The sample can be rotated around the 
axis perpendicular to its plane. A flat single-loop pickup coil, parallel to the sample 
plane, is placed at close proximity. The compensation coil is used to n d  the output 
before the sample is introduced. Instead of the B-H loop, our curve tracer measures 
dB/dt as a function of H. The B-H loop is then obtained by numerical integration. 
With a magnetic field of 320 A/m (- 4 Oe) applied at 500 Hz, the largest dB/dt 
signal was found when the pre-magnetized axis of the sample was coincident with 
Hysteresis Loop Curve Tracer 
OSCILLATOR C
OSCILLOSCOPE P
Figure 3.4: Measurement arrangement for characterization of the thin film B-H 
cuve. 
the measurement field direction (Fig.3.5). When this axis is orthogonal to the 
measurement field, no observable signal was found. This is a clear indication that 
the majority of the domains have been aligned by the magnetizing field during the 
deposition. The peak position in the dB/dt - H cuve corresponds to the coercivity 
(Hc) of the materid. The typical Hc in our room temperature deposited samples 
is around 1 Oe. 
Once the easy axis is identified, the sample is further characterized for its mag- 
netostriction properties using a capaeitive measurement in the hard axis direction. 
As Uustrated in Fig.3.6, a sample of 50 mm long (L), 20 mm wide (W) and 150 
pm thick (t) is pIaced approximately 100 pm (Do) away fiom another glas slide 
Figure 3.5: Experimentally measured dB/dt vs H curve of the as-deposited Met- 
glas2605S2 thin film and the correspondhg B-H cuve obtained by numerical inte- 
coated with Al. The sample is damped at one end to form a cantilever beam. The 
average separa tion, Do be tween plat es is calculated using the standard relation 
Here Co is the measured value of the total capacitance before the magnetic field 
is applied and E, is the dielectric constant of vacuum. The magnetic field rotates 
the domains, elongating the fiLn which leads to beam deflection. The deflection 
(D ) of the beam with a thin film thickness, d, can be calculated using the following 
Thin Film Magnetos triction Measurement Setup 
Glass Substrate (150 p) 
-t - - - \ Air Gap (- 100 ym) 
CAPACITANCE 1 I LOCK-IN I 
BRIDGE 
Figure 3.6: Capacitive measurernent setup for thin fiLn magnetostriction charac- 
terization. 
equation (241 : 
Here, Ef and E. are the Young's moduli of the film and the substrate, respectively, 
v f  and va are the corresponding Poisson ratios, and A is the strain induced in the 
film. L and t are the length and the thickness of the beam, and d is the thickness 
of the Metglas thin fiLn. The material constants are listed in Table 3.2. 
Table 3.2: Young's moduli and Poisson ratios for Metglas thin film and glass sub- 
strate. 
When the deflection D is much smaller than the zero-field separation Do, we get 
The factor of 3 cornes from the parabolic profle of the deflected beam. 
In the measurement, the total capacitance Co is retrieved by adjusting the bridge 
to n d  the output. The magnetic field is then applied, yielding an unbalanced out- 
put signal proportional to AC in the bridge. The strain, A is obtained through 
equations (1)-(3) (see Fig.3.7). 
To verify the compatibility of the thin füm process with fibre-optic technology, 
Metglas has been deposited on op tical fibres using the same deposition conditions. 
Details of the depositions and characterizations can be found in Appendix C. 
Although the saturation magnetic strain, (A.) of 30~10-~ is comparable in value 
with the published data, the saturation field (Hs - 15 Oe) and the coercivity (Hc - 
1 Oe) of the thin fdm are not as good as the field annealed ribbons (Hs - 0.81). This 
may partly be attributed to the two inherent differences between the thin film and 
Figure 3.7: Measurement result of magnetostriction on Metglas thin film. 
its nbbon cornterpart; the Metglas filn is much thinner and is mechanically cou- 
pled to the substrate. It has been reported for Metglas ribbons that the coercivity 
decreases with increasing thickness [25] because of wall pinning [26]. Nevertheless, 
the high value of Hs and Hc indicates that there might be interna1 stress in the film, 
due to the sputtering deposition process. Further investigations are needed with 
respect to deposition conditions, including the Ar pressure, sputtering voltage, de- 
position rate and possibly, the deposition temperature. If the saturation field were 
reduced to 1 Oe, an improvement of a hundred fold in sensitivity at low field could 
be expected. 
In summary, we have developed a deposition process for Metglas thin films. The 
process allows easy control of the füm composition and the amorphous structure 
needed can be achieved at room temperature. This has been verified by X-ray 
=action memurement. We have accomplished in-situ domain alignment in the 
film at  room temperature by introducing a magnetization field during the depo- 
sition process. Magnetic measurements show that the Metglas thin film satisfies 
the basic requirements for magnetostrictive sensor device. Because of the low ther- 
mal budget of the deposition process, Metglas thin film can be implemented on IC 
wafers as the last deposition layer for smart sensor applications. 
Chapter 4 
Metglas thin film sensor and 
readout circuit 
In this chapter, we present the design, fabrication and characterization of an IC 
compatible micromechanical transducer on silicon to take fidl advantage of the Met- 
glas thin f3.m technology developed. The design idea of the transducer cornes fiom 
the t h  film magnetostrîction measurement described in the 1 s t  chapter. Here, 
a miniature capacitor is realized on silicon, together with the MOSFET readout 
circuit, using IC process and IC materials. The g las  cantilever is replaced by a low 
stress silicon nitride layer (passivation layer) to form the movable a m  of the capac- 
itor, while the fixed plate is made of a polysilicon layer (MOSFET gate) . The air 
gap is realized by surface micromachining using Al metallization as the sacrificial 
Iayer (Fig.4.1). 
Figure 4.1: Operation principle of the IC compatible Metglas thin film sensor. 
4.1 Design considerat ions 
The rnagnetostrictive sensor to be fabricated is a two stage transduction device. 
The magnetic signal is first converted to a mechanical deflection through the com- 
posite Metglas thin film - silicon nitride cantilever beam, then measured as an 
electrical signal through the modulation of the capacitance. This requires design 
optimization in mechanical and electrical domains. 
4.1.1 Mechanical consideration 
The optimization of the mechanical response includes the enhancement of deflection 
D which is directly proportional to the sensitivity, and resonant fkequency f, of the 
beam. By operating at high fiequencies, the l/f noise is reduced. Both D and f, 
are related to the dimensions of the beam (24, 21: 
and 
E l t  
f. = 0.16(-) 5 - 
p L2' 
Here Ef and E. are the Young's moduli of the film and the substrate respectively, 
vf and v. are the correspondhg Poisson ratios. p and E are the average density 
and average Young's modulus of the composite beam. dis  the film thickness, L the 
beam length, t the beam thickness, and X the magnetic field induced strain. These 
parameters are material related and fixed for a given process. Obviously, a large 
D requires a large L / t  ratio. One interesthg observation fkom Eq.(4.1) and (4.2) 
is that the defiection will remain the same when L and t are scaled down together, 
whilst fo is inversely proportional to the scalkig factor. In another words, if the 
sensor were to be scaled down fiom what we used in thin film characterization (45 
/ 0.15 mm) to a rniniatnrized version on an IC chip (450 / 1.5 pm, for example), fo 
wodd increase by a 1000 fold, going f?om 50 Hz to 50 kHz. In our actual design, 
the length ( L ) and the thickness ( t ) of the beam have been chosen as 400 pm 
and 2 pm. The glass cantilever beam has been replaced by nitride, leading to a 
revised 8. = 3.85 r 1012 dyne/cm2, p = 3.1g/cm3 [39] and v. = 0.17. These changes 
result in a f, of 22 kHz. From mechanical point of view, L/ t  ratio should be as 
large as possible whilst their absolute value should be kept small. 
4.1.2 Electrical consideration 
Figure 4.2: (a) poly fixed plate connected to the amplifier, (b) Metglas top layer 
connected to the amplifier. 
Electrically, reduced cantilever dimensions lead to smaller sensor capacitance, 
making it vulnerable to parasitic capacitances between the sensor and the amplifier. 
In fact, the largest parasitic capacitance comes fkom the sensor fixed plate to the 
substrate (see Fig.4.2). 
The ratio of CJC, is detennined by the thickness of field oxide, air gap and 
nitride. For the data given in Fig.4.2 (a), Gp is approximately 10 t b e s  Iarger than 
C,. If the fixed ploysilicon plate were connected to the amplifier input (MOSFET 
poly gate) according to Fig.4.2 (a), the majority of the signal would be sunk to the 
ground. Fortunately, this problem can be overcome by flipping the comection as 
shown in Fig.4.2 (b) . The next objective is to enhance the relative change in sensor 
capacitance AC/Co. This c m  be achieved by reducing the air gap Do: 
However , the mechanically favored large L / t  ratio and the electrically preferred 
small Do pose serious challenges in terms of the fabrication process. The former 
reduces the s t f i e s s  of the beam while the latter increases the capillary force in the 
drying process atter the wet etch; both lead to stiction problems. A compromise 
has to be reached between the sensitivity and fabrication yield. We have tested 
several cantilever beam thicknesses (1 Pm, 1.5 pm and 2 pm) as well as air gaps (1 
Pm, 1.5 pm and 2 pm), using the same set of masks. High yield can be achieved 
when both t and Do are 2 pm for a 400 pm long beam. 
4.2 Sensor fabrication 
MOSFET 
Polv 
Figure 4.3: The fabrication process of MOSFET and sensor 
The thin film Metglas sensor is fabricated using the in-house MOSFET process. 
Fig.4.3 (a) - (e) illustrate how the surface micromachined sensor is fabricated to- 
gether with the MOSFET used for the readout. This is a 7 mask process, 5 for the 
MOSFET, 1 for the Metglas patterning and 1 for the surface micromachining. The 
mask set and the detailed fabrication steps are shown in Appendix A. Here bnefly, 
P-type silicon wafers of 1-5 S2 cm (IO1=) are used as substrate. The fixed plate of 
the sensor capacitor is patterned on field oxide using the same polysilicon layer as 
for the MOSFET gate. The Al metallization is &O used as a sacrificial layer for a 
later surface micromachining step. The chip is passivated using low stress nitride, 
which also serves as the cantilever beam. On completion of the MOSFET process, 
the chip is protected by photoresist except at the etch windows on the sacrificial 
layer. The w&s are left in standard Al wet etch for one hour at 50°C to relief the 
cantilever beam. The dicing is carried out after the surface micromachining step, 
using photoresist as a temporary protect tion layer. 
The finished sensors are shown in Fig.4.4 and Fig.4.5. The only add-on layer is 
the Metglas thin film, which is deposited at room temperature after the fabrication 
of the MOSFET. Only two more masks are needed for the sensor. 
4.3 Sensor readout circuit 
A major challenge for the success of the capacitive based Metglas thin füm sensor 
lies in the signal readout. The typical size of the sensor is 400 pm x 100 pm with 
an air gap of 2 pm, which corresponds to a capacitance of 0.15 pF. The maximum 
deflection achievable is about 0.13 pm, or 3.3 fF in terms of capacitance change. If 
the device is to be used for measurement lower than the earth's magnetic field, the 
Figure 4.4: SEM of suspended cantilever beam with Metglas film (400 x 100 x 2 
Figure 4.5: Photograph of Metglas thin film sensor with readout circuit. 
circuit needs to be capable of resolving beam deflection of a few A, corresponding 
to a few aF (10-18F) in capacitance change. 
Capacitive readout circuit can generally be classified into the following cate- 
gories, capacitor bridge, inductor-capacitor (LC) resonator and switch capacitor 
circuit on an IC chip [35]. The resonator is difEcult to be implemented with very 
s m d  capacitors because it involves very high fkequency, and requires a very high 
quality factor ( Q ) to resolve a s m d  fiequency shift . Conventional capacitive bridge 
circuit requires a perfect match of the sensor capacitance to that of the reference. 
This is difEcult to realize in ow case since it is hard to control the rest position of 
the surface micromachined cantilever beam to a great accuracy. The switch capac- 
itor approach is very usefd for on chip capacitive sensor readout, but it is quite 
involved in circuit design and signal processing . 
Figure 4.6: Floating gate configuration. 
We propose here a simple readout scheme that provides the required resolution 
without critical requirements on the fabrication process or complexity in signal pro- 
cessing. We employ a charge coupled floating gate readout scheme (Fig.4.6). The 
sensor is c o ~ e c t e d  irectly to the gate of an enhancement mode NMOS. Instead of 
biasing the MOSFET gate using resistors, the DC bias is provided through the sen- 
sor, using the voltage dividing mechanism of the sensor capacitance and MOSFET 
gate capacitance. Here, the MOSFET gate capacitance does not have to match the 
sensor. Small deviations of the operating point due to the inaccuracy of the sensor 
capacitance can be compensated by adjusting the DC power supply to the sensor. 
The only AC frequency involved is the time dependent magnetic field signal to be 
sensed. The output is an AC voltage that is proportional to the cantilever beam 
deflection. 
4.3.1 DC characteristics 
The DC characteristics of the MOSFET without and with the sensor connected 
are shown in Fig.4.7 and Fig.4.8. Without the sensor, the MOSFET exhibits a 
standard transistor behavior, described by equation (4.4), with K of 0.071 mA/V2, 
VT of -0.3 V and VA of 90 V, 
Figure 4.7: Current-voltage characteristics of the readout MOSFET without sensor. 
With the series sensor capacitance, we note a reduced device transconductance 
as expected, because only a fraction of the voltage applied at the input drops on 
the gate. However, to our surprise, there was an increased current dependence on 
Figure 4.8: Curent-voltage characteristics of the (sensor) charge coupled floating 
gat e readou t circuit. 
source-drain voltage Vos in the saturation region. A carefid analysis which includes 
all parasitics shows that this is due to the gate-drain capacitance (see Fig.4.9), often 
referred to as Miller capacitance in device models [36, 371. 
4.3.2 DC effects due to Miller capacitance 
In standard circuit analysis (361 , the Miller capacitance is considered only at high 
hequencies in the common source mode, where it is responsible for the fall off of 
the gain. The 3dB frequency of the gain is determined by the RC constant at the 
input, where R is the resistance of the DC biasing network, and C is the sum of 
Cg, and equivalent capacit ance Cgd at the input calculated using Miller's t heorem. 
Figure 4.9: (a) Parasitic capacitances associated with MOSFET (b) DC equivalent 
circuit . 
The key Merence in the floating gate scheme is that there are no resistors 
connected to the gate. This implies a RC time constant that is infinitely large, 
which gives rise to a gain reduction that is observed even at DC. In fact , the Miller 
capacitance does not only atfect the gain, but also changes the DC bias condition 
at the gate. As illustrated in Fig.4.9, the gate voltage VG, is determined by 
Indeed, equation (4.5) yields good agreement with Fig.4.8, for MOSFET pa- 
rameters and parasitic capacitances given in Table 4.1. The large value of the 
Miller capacitance, Cgd is related to our in-house NMOS process; the N+ source 
and drain regions are realized using diffusion rather than implantation. This leads 
to large source-gate and drain-gate overlaps. The Cg, comprises three components: 
the source-gate overlap capacitance, the gate-chamel capacitance and the parasitic 
capacitance of the interconnect between sensor and gate. By design, the sensor 
capacitance is about half that of the gate-chamel capacitance and the parasitic 
interconnect capacitance is about the same as that of the channel. 
Table 4.1: MOSFET parameters and parasitic capacitances. 
4.3.3 Analysis of the circuit gain 
We need to establish the relationship between the ac output voltage (v,) and 
the change of sensor capacitance AC,(t) due to the magnetic field H(t). Without 
considering the Miller capacitance, The analysis of the circuit is straightforward, 
since there is no coupling fiom output to input. 
In that case, the total voltage on the gate, Vo can be expressed as 
vc = c, + AC&) 
c, + AC&) + cg. K. (4-6) 
Since AGz(t) is much smaller than C,, the above eqnation can be separated as 
time independent (DC bias, Va) and time dependent (AC signal, vc)  terms, using 
Taylor series. A linear expansion at the AC,(t ) = O yields 
Input: 
A C , (t) - d - h - H2(t) 
-  
Figure 4.10: (a) Floating gate amplifier. (b) Converting AC, to v. at the input. 
and 
An alternative way to look at the circuit is shown in Fig.4.10 (b). The variation 
of the sensor capacitance is equivalent to a s m d  AC signal source va, and the high 
impedance nature of such a source is represented by the series connection of C,. In 
s m d  signal AC analysis, the DC voltage Ir, can be considered as short circuit and 
the expression for v, can be derived as 
Now, let us look at the design considerations in determining the value of Cg. for 
the given C,. Fi-om eq. (4.8), it seems that vc c m  be enhanced by simply increasing 
Va. This is misleading since Va cannot be Msied independently, without considering 
the DC bias of the transistor Va. Actndy, the range of V'& is fixed for a given 
technology, and V, is varied to bring Vco to the right range for different Cg.. Thus 
expressing vc in tenus of Va, 
It is clear that increasing Cg. can enhance v~ when Cg. is srnaIler than or 
comparable to C,, but at the cost of higher V, (see eq. (4.7)). When Cg, is far larger 
than C,, furthes increasing Cg, will saturate vc at (ACz(t)/Cz) VGo. Practically, 
Cg. should be chosen several times larger than C,. 
With eqoation (4.10), we can now estimate the capacitance resolution of the 
readout circuit. From our measnrement, C,./C, = 4.5, K = 0.071 m A / v ,  V; = 
-0.3 V, given C, = 0.15 pF, RL = 7.5 kn, assuming VGo = 3 V with an output 
noise level of 1 mV, the minimal AC,(t) that can be measured is about 17 aF. 
Now let's consider the effect of the MiUer capacitance. In standard common 
source amplifiers where Va is detesmined by biasing resistors, Cgd only affects the 
AC gain at very high fkequency. The small signal analysis can be conducted with a 
pre-determined transconductance, dowing the application of Miller theorem, which 
resdts in a very elegant scheme that decouples the input node &om output. In the 
floating gate configuration, however, especially when Cod is not s m d ,  the same 
decoupling scheme cannot be readily applied. In evaluating the impact of diff'erent 
parameters, we need to solve the following circuit equations: 
Where (4.12) and (4.13) are rewritten forms of (4.4) and (4.5). Here, a = 
ACz(t)/Cz denotes the relative change in sensor capacitance, and the slight de- 
pendence of Io on VWt (VDs) due to finite early voltage in (4.4) has been ignored, 
which should not result in a big difference for this analysis. The goal of the follow- 
ing discussion is to evaluate the impact of Cgd, VDD and V, on the total gain of the 
sensor readout circuit. The exact solution has been derived (see Appendix D), but 
the expression is cumbersome thus failing to provide a simple physical insight. In- 
stead of presenting the exact andytical solution itself, we show hae the numerical 
result; S. 
Figure 4.11: The dependence of gate voltage and AC gain on Miller capacitance. 
Fig 4.11 is generated using the experirnental data V,=15 V, VDD=20 V and 
MOSFET parameters given in Table 4.1. As Cgd goes up, the DC bias Vo in- 
creases, this alone should enhance the gain vmt/(AC,/G,). But this moderate 
enhancement is not enough to offset the associated negative feedback, resulting in 
a net gain reduction. The revised capacitance resolution (with a noise level of 1mV 
at output) is about 30 aF, or 12A in te rms of beam deflection. 
4.4 Magnetic field measurement results 
Figure 4.12: The applied field (H) and the output response for an AC magnetic 
field at 500 Hz, the output shown is obtained with an off-chip load of 7.5 ka. 
In the magnetic field measurements, we apply a sinusoidal magnetic field of 60 
Oersteds at 500 Hz. Since the fiequency is far lower than the resonant fiequency 
of the beam, the maximum beam deflection should be close to the static value of 
1250A according to previous calculation. A peak to peak output voltage of 70 mV 
was observed, corresponding to a beam deflection of 1050A, which is of the same 
order of magnitude. The digerence in values can be attributed to the variation of 
factors such as beam thickness and air gap. 
Findy, a DC magnetic field has been applied to exploit the most sensitive part 
of the magnetostriction c w e  (Fig.4.13). The minimum detectable field (or mag- 
netic field resolution) is determined by the noise level of the sensor system. Here, 
we observed a noise of 1 mV at output corresponding to a magnetic field of 0.4 
Oersteds. 
4.5 Discussion 
Despite having addressed and resolved several key issues, our results are neverthe- 
less preliminary. Shere is still room for further improvements. 
4.5.1 Gain enhancement using advanced MO SFET 
There are three major differences between our in-house MOSFET and advanced 
MOSFET process. Our fabrication technology has a larger minimum gate length, 
thicker gate oxide and a larger gate-drain overlap (or Miller capacitance), leading 
to a smder  transistor gain. 
The transconductance of a MOSFET, is proportional to the gain, and can be 
described as: 
Figure 4.13: Strain induced in Metglas thin film as a function of the magnetic field 
H (1 Oe = 1 Gauss in vacuum). S m d  AC fields can be measured with a DC field 
bias. 
Here, p is the carrier mobility in the chamel, t ,  is the gate oxide thickness, L 
and W are the length and width of the gate. For a given sensor capacitance and 
DC voltage, the gate capacitance is fked, assuming no parasitic capautance: 
€€, WL 
Cgs = = const. 
Thus the ciifference in transconductance between a W and m d  an advanced in- 
dustrial MOSFET can be estimated. Assuming the same p,  VG and VT: 
Where (g,,Juw and (g,& denote the transconductances of a UW and an 
advanced MOSFET, Luw and Ld are the corresponding gate lengthes. For 
Luw = 10pm and Say Lad = 0.5pm,  we anticipate an sensitivity enhancement 
of a factor of 400 by using a state-of-the-art MOSFET process. In fact, we have 
designed test chips for fabrication using Nortel's 0.8 pm BiCMOS technology. Un- 
fortunately, partial wafers are needed for post thin film deposition, lithography, 
and surface micromachining. Due to industrial restrictions, samples were not made 
available. 
In addition to gate length, the Miller capacitance of a state-of-the-art MOSFET 
process is much smder  than our process. This wil l  further improve the pedormance 
of the whole sensor system. 
4.5.2 Non-magnet ic packaging 
Our sensor device is wire-bonded to a standard 24 pin packaging. These pins are 
made of gold plated nickel. The magnetic shielding &ect of these magnetic pins 
can be observed clearly by comparing Fig.4.12 and Fig.3.7, which show apparent 
saturation fields of 40 Oe and 15 Oe respectively. Replacing the magnetic materials 
with non magnetic materials in package should be able to increase the sensitivity 
by a factor of 2 - 3. 
4.5.3 Other applications of the floating gate readout circuit 
The floating gate MOSFET capacitive readout technique developed in the current 
work is targeted for magnetostrictive magnetometers. It can easily be applied to 
any capacitive sensors, such as accelerometer and pressure sensors. There is also a 
growing demand to incorporate test structures on IC chips for process character- 
ization and parameter extraction, particularly in new fabrication processes where 
low dielectric constant polymers being introduced as next generation insulators. 
The float gate technique can be an ideal test vehicle for evaluating s m d  capacitor 
geometnes with large fikging fields, uniformity of the dielectric material and MiUer 
capacit ances of the transistor [37]. 
The readout circuit fhds applications also in chemical and biomedical sensing. 
For example, the Ion Sensitive Field Effect Transistor [38] (ISFET) has received 
great interests for measurements of PH and other chemical variables. In ISFET 
the gate polysilicon of a normal MOSFET is removed and the chemical solution 
is brought in direct contact with the gate oxide (sornetimes, even the gate oxide 
is replaced with aliimininm oxide or polymers). With the floating gate technique, 
there may not be a need to disturb the gate oxide layer since it is vulnerable to 
factors such as contamination and instability. Any chemical manipulation can be 
done on top of the polysilicon gate. The required transduction of the chernicd 
signal to the MOSFET can be achieved indirectly by transferring the chemically 
modulated charge through the gate ploysilicon. 
Chapter 5 
Conclusions and outlook 
Summary of contributions 
We have successfidy prototyped a fdly fùnctioning thin film Metglas sensor on 
silicon that is CO-integrated with a high resolution readout circuit. In the course of 
the thesis research, we have accomplished first resdts in the following two areas: 
The deposition of Metglas thin film directly on a silicon substrate with built- 
in magnetic anisotropy in the pre-designed direction. To the best of our knowl- 
edge, this is the first report of its kind, and the technology is readily applicable 
to other magnetos tnctive sensors developed previously, in particular, fibre op ti- 
c d  interferorneter based magnetometer. Researchers working on magnetostnctive 
ribbon sensors can benefit dLectly fiom the curent work, with minor changes in 
terms of research infrastructures. In addition, the thin film technology has brought 
about new opportunities in IC comyalible microsensor and microactuator applica- 
tions. We have demonstrated the subsequent process integration with IC fabrication 
technology. The Metglas thin film has b e n  successfnlly integrated with microme 
chanical structures realized using surface micromachining with appropriate choice 
of sacrificial layer and 1ow stress mechanical layas. 
The development of a high resolution capacitive readout technique using a float- 
ing gate MOS transistor. The readout circuit requires only a single transistor that 
is operated either at DC or low fiequency. Using the in-house developed prototype, 
we have s u c c e s s ~ y  demonstrated that the circuit is capable of resolving 10-l7 F 
(or a few A in terms of cantilever beam deflection). This constitutes the current 
status of the technique. However, the circuit, through nirther optimization using 
an industrial IC process, is potentially capable of resolving sub atto Farads (10-'' 
F). With such a resolution potential, the floating gate readout technique can be 
applied to any capacitive sensors for on-chip readout. It is also an ideal vehicle for 
test structures on IC chip for process characterization and parameter extraction. 
5.2 Future perspective 
We have demonstrated many promising aspects of the integrated Metglas thin film 
sensor. Although major challenges have been resolved, there are plenty of opportu- 
d i e s  to fùrther advance the art. A number of the optimization issues which have 
been addressed separately in previous chap ters wiU be further dealt with here. 
Firstly, the saturation field of the Metglas thin film can be further improved 
through optimization of deposition conditions. One important parameter we have 
not changed in the current work is the film thickness, which is expected to affect the 
domain structure. Direct imaging of the domain structure using polarized light or 
electron beam shodd aid in determining the optimal film thickness and deposition 
conditions. The Metglas thin film alone, can possibly provide an improvement in 
sensor sensitivity by a factor of 10. 
Secondly, the gain of the MOSFET can be improved by over a factor of 100 us- 
ing an industrial CMOS process, which offers a finer gate length and srnaller m e r  
capacit ance. 
Thirdly, non magnetic packaging should be developed to replace the commer- 
cial packages which use gold plated nickel as pins. This should eliminate the effects 
associated with magnetic shielding and enhance the a d a b l e  magnetic signal to 
the sensor by a factor of 2 - 3. 
Findy, the issue of noise should be investigated through measurements of the 
noise spectnim to identify possible noise sources for subsequent noise reduction by 
design. Since the high noise level of 1 mV was not observed in the MOSFET con- 
nected in a standard configuration where the gate voltage is well controlled using 
resistor voltage divider, we do not expect the noise to stem fiom the MOSFET it- 
self. Equally, we do not expect the noise to stem from the sensor, since the s m d  air 
gap damps off most of the mechanical vibrations of the cantilever beam. What may 
be the chief contributor to the noise is the long interconnect between the sensor and 
the MOSFET (see Fig.4.5). Because the MOSFET is connected in the floating gate 
configuration, the node of the MOSFET gate has a very high irnpedance, which 
is known to be vulnerahle to ambient electromagnetic pick-up. Possible solutions 
include miriimiRing the interconnect length, on-chip shielding using the multilayer 
metallization offered by modem IC processes, or off-chip shielding using special 
p ackaging . 
Following the above considerations, it is possible to improve the overall perfor- 
mance (sensitivity and resolution) of the sensor system by as high as a factor of 
1000, making the device very cornpetitive to the flnxgate magnetometer, and even, 
its nbbon connterpart. 
Appendix A 
Fabrication sequence of integrat ed 
Metglas thin film sensor 
A. 1 Mask making 
Photo reduction (7- 1
I l  x 11 inch 
Figure A S :  Mask making flow. 
The mask set in current work is designed and fabncated using in-house facilities. 
The design is done with a PC based CAD tool cded  ICED. The mask making 
process is illustrated in Fig.A.1. The overview of the mask set is shom in Fig.A.2, 
with each individual layer in Fig.A.3 to Fig.A.9. 
Figure A.2: Overview of the mask set. 
TOP TOP 
Figure A.3: Windows for gate oxide. Figure A.4: Gate and sensor capaci- 
tor poly. 
TUP TOP 
Figure A.5: Contact holes. Figure A.6: Metal contact and sacri- 
ficial layer. 
TOP 
Figure A.7: Windows on passivation 
nitride for metal pads and sacrificial 
laye . 
TOP 
Figure A.8: Metglas pattern. 
Figure A.9: Etching windows for sac- 
rificial layer. 
A.2 IC and sensor fabrication details 
The w& travel according to Fig.4.2 are listed in table A.1 and A.2. The key 
process conditions of varions IC layess are listed in table A.3. 
Table A.1: Process steps in Fig.4.2 (a). 
II a l  1 Field oxide growth II 
Il a8 l N+ (P) deposition: 950°C dry Nz 5 min. (loading, wafer back to back), 30 min. deposition, 3 min. N2 flash, deglaze. 







- - - - - - - - - - - . - -- - - -- 
Open windows at MOSFET regions using mask #1 (UW084Lu2). 
Gate oxïde growth: BHF (Ereshly prepared 20:l) dip right bdore the loading. 
Poly-silicon deposition. 
Poly oxidation: steam tube, 875OC dry 0, 5 min. (loading), 
8 7 5 T  s t e m  3 min., 875OC dry N2 (annesrling). 
Poly etch: pattern the poly oxide with mask #2 (UW084Lu3), 
strip photoresist, etch poly using KOH. 




-- - -  
LTO deposition. 
N+ drive-in in: steam tube, 1035°C dry O2 5 min. (loading), 
dry Oz 30 min., N2 30 min. 
Open contact holes for metalization using mask #3 (UW084Lu4). 
\ 
Table A.2: Process steps in Fig.4.2 (b) - (e). 
- -  - - 
II 1 Fig.4.2 (b) 
11 b3 ( MOSFET testing #1, standard I - V, W4145A. 
b l  - 
b2 
11 1 Fig.4.2 (c) 
Al deposition. 
Al patterning using mask #4 (UW084Lu5), standard Al etch. 
II c l  1 Low stress silicon nitride deposition. 
Il c2 l Dry etch of nitride using mask #5 (UW084Lu6) on metal pads and sacrificial layer etch windows. 
II d l  1 Metglas deposition. 
11 d2 1 Metglas patteming, mask #6 (UW084Lu7). 
II d3 1 MOSFET testing #2, normal and floating gate configuration. 
II d4 1 Open wïndow on sacrificial layer, mask #7 (UW084Lu9). 
11 ( Fig.4.2 ( e )  
II e l  1 Al Sacrificial wet etch. 
e2 &an the etching solution using boiling in DI water, II / clean photoresist using methanol- acetone - methano1 rinsing. 
e3 Apply photoresist to fix the beam temporarily on the wafer, 11 1 dicing after soft and hard back of photoresis. 
e4 Dissolve photoresist in acetone, then methanol, 11 / evaporate methanol quickly on a hot plate to prevent sticking. 
Table A.3: Typical process conditions used in this thesis. 










Low stress nitride 
deposition 2 pm 
Materials Research Corporation 
CF4 20 sccm, 60 mTorr 
350 V, 60 W, etch rate: 500A/min 
Machine/Process conditions 
stearn tube, 1100°C dry O2 5 min. (loading), 
1100°C stream 140 min. 
gate oxide tube, llOO°C dry 0, 5 min. (loading), 
1100°C dry O2 48 min., llOO°C dry N2 annealing 30 min. 
ramp d o m  to 800°C in dry N2 
poly tube, 585OC, Si& 0.36 Torr, 28 min. 
Corsc~Gray Instruments Inc. 
410 OC, 84 sccm Sa, 90 sccm Oz, 
0.31 Torr, 350 W, deposition rate: 0.01 pm/min 
AMC, PECVD 
350 OC, S a  + N& + He. 180 min. 
Alumiaium 
deposi tion 
Edwards Coating System E306A 
base pressure: 2 x IO-' Torr, 
100 sccm Ar, 5 m'Torr, 400 W ,448 Volts 
150 OC, deposition rate: 262A/min 
Al sacrificial 
layer wet etch 
&Po4 : CH3COOH : HNO3 : H20 
= 456 : 36 : 18 : 90 cc, 50°C, 60 mins. 
Metglas thin film 
wet etch 
Metglas thin film 
sputtering deposition 
Ceric Ammonium Nitrate 82.25 g, HN03 45 ml, 
add water to make 500 ml solution. 
room temperature, etch 0.13 Fm in less than 30 sec. 
upgraded Edwards vacuum Coating Unit 
base pressure: 2 x 10-~ Torr, 
Ai, 100 W ,460-480 V, DC, 
300 Oe transverse magnetic field, 
room temperature, deposition rate: 130A/min 
Appendix B 
Ferromagnetism, Magnetic 
domain and magnetostriction 
We have shown the design, fabrication and characterization of Metgks thin film 
based magnetometer in Chapter 3 and 4. Most attention have been given to the 
mechanical and electrical considerations, wit h lit tle coverage on the crucial mag- 
netic issues. The candidate of magnetostrictive thin f k  material was chosen with 
a oversimplified tweparameter (A., Ha) figures of merit. To further improve the 
device performance, an in-dep t h understanding of ferromagnetic material and mag- 
netostriction is reqnired. In particular , why amorphous materials have superior 
magne toelas tic properties t han their crys t alline counterpart s, how the mat erial 
properties change with mechanical, thermal, and magnetic processing. This ap- 
pendix is intended to bridge that gap. 
B. 1 Ferromagnetism and Curie temperatwe 
Ferrornagnetism is the result of spontaneous alignment of microscopic magnetic 
moments in the substance. Strong ferromagnetic materials are usually composed 
of transition met& (TM) such as Fe, Co, and Ni, and rare earth (RE) elements 
such as Sm, Tb, and Ho, which are characterized by partial filled 3d and 4f shells, 
respectively. Since 3d and 4f electrons are close to the atomic cores and efFectively 
shielded by valence electrons (s and p shells), they usually do not play an impor- 
tant role in the chernical bonding or electnc conduction of the materials. They can 
be described, to a certain extent, with a localized atomic model (as opposited to 
the energy band model for s and p electrons) in which each (TM or RE) atom is 
regarded as a carrier of magnetic moment. Carefd studies show that 3d electrons 
contribute only spins to the magnetization process, while 4f electrons contribute 
both spins and orbital moments. As a consequence, RE elements often show larger 
saturation magnetic intensity, M, than TM elements. 
Ferromagnetic material has been used since ancient times, but the microscopic 
origin of ferromagnetism was not understood for many years until the discovery 
of quantum mechanics [40, 41, 421. With analogy to the bonding of hydrogen 
molecules, Heisenberg pointed out that the force responsible for the spontaneous 
alignment of magnetic moments (previously cded  rnolecular field) is not magnetic 
in nature. Rather, it is combination a Coulomb interaction and Pauli's exclusion 
prinuple. It was named as exchange interaction, 
Here, E, is the exchange energy, Si's are spins of 3d electrons at different sites, 
J is called the exchange integral, which is the measure of the interaction strength 
beheen neighboring 3d electrons. Ferromagnetism occurs only when J is nega- 
tive, which indicates that the spin parallel state is energetically more favorable. 
Such a state is stable only when E, (or IJI) is larger than thermal energy, kT. At 
high temperatmes, the alignment of the magnetic moment is vulnerable to ther- 
mal agitation; the material will experience a transition to paramagnetic state. The 
transition temperature is called the Curie temperature (Tc) of the material. 
The interaction of 4f electrons is more complicated and cannot be accurately 
described by Heisenberg's theory. 4f electrons are so localized that their wave h c -  
tions almost do not overlap with th& neighbors. The magnetic moment coupling 
in RE elements is achieved through the help of spin polarized s, p, and d electrons. 
It is important to note that: (i) the exchange force is a short range interaction 
that only nearest neighbors are important. This implies that polycrystalline and 
amorphous materials can be expected to have similar magnetic properties as their 
single crystalline counterparts, (ii) J is a funetion of distance between neighbor- 
ing TM and RE atoms. Varying the atomic distance by alloying can dramatically 
change the value or even the sign of J. This helps to explain why alloying a material 
can have a great impact on the Tc. 
The Curie temperature is an important parameter for applications. For instance, 
rare earth elements have large magnetic moments due to the orbital moment of 4f 
electrons, but none of them are considered strong magnetic materials at room tem- 
perature because of their low Tc's. Their alloys with TE elements, however, are 
most important magnetic materials especially for permanent magnet applications. 
In selecting amorphous magnetostrictive ribbons, it is desirable to have a material 
whose Tc is well above room temperature but considerably lower than its crys- 
tallization temperature, so that field annealing can be pedormed near the Curie 
temperature without the risk of causing crystallization. 
B.2 Magnetic anisotropy 
In crystalline ferromagnetic mat&&, magnetic moments are found favor of cer- 
tain crystallographic axes. Magnetization along t hese directions requires less energy 
fkom the external magnetic field. Accordingly, they are c d e d  easy axes (or direc- 
tions). Magnetization curves of iron and nickel are shown in Fig. B.1. 
Clearly, Von has its easy axis in < 100 >, nickel in < 111 >, and cobalt in 
[O00 11. The preferential orientation of magnetic moments along certain directions 
in c ry s t ahe  materials cannot be explained by Heisenberg's theory since the ex- 
change energy only requires the neighboring spins pardel or antiparallel to each 
other, which have nothing to do with the crystallographic axes. This cannot be 
accounted for by magnetic dipole interaction eit her, since the magnitude of such 
an interaction is too s m d  compared to experimentdy obtained data. 
Anisotropy in TM can be understood through spinsrbit coupling, the orbital 
motions of 3d electrons are asymmetric and the orientations of the wavefunctions 
(hence the charge distribution) are determined by Coulomb interaction with their 
neighbors. The spin "seesn the anisotropy and Lihomogeneity of the wavefunction 
and adjusts its orientation accordingly to a low energy direction. When an external 
Figure B.l: The magnetization curve of Fe [43], Ni [44] and Co [45]. 
magnetic field is applied in a direction 0th- than the easy axis, it tends to p d  
the spins away fkom their favorable orientation, causing an energy increase. The 
amount of enagy requked to completely align the magnetic moments with the field 
is called the anisotropic energy of the direction, which can be expressed in terms 
of the directional cosines (&) of the local magnetization M to the crystallographic 
axes. T a h g  the simplest lattice structure, cubic for example 
where the first term Ko is the energy required to magnetize the material dong its 
easy axis, which is mainly the energy required for domain wall movement. This 
term is often ignored in crystalline material since it is isotropie and relatively s m d .  
The higher order tems describe the angular dependence of the magnetization en- 
ergy. 
For rare earth materials, anisotropy can be nnderstood in a similar way. The 
major clifference is that the orbital moments of the 4f electrons also participate in 
the magnetization process. It is therefore not unexpected that they usually have a 
higher anisotropy energy. It is observed that most RE alloys have a Ha that is two 
orders of magnitude larger than that of TM elements. 
The magnetic anisotropy is closely related to the symmetry of the system. In 
general, a low symmetry material system is more likely to have a high anisotropic 
energy. The materials having a highly symmetric cubic structure (Fe, Ni) for ex- 
ample, are usually expected to have lower anisotropy than the one having hexag- 
onal (Co) or tetragond structures. Polycrystalline materials are macroscopically 
isotropic. But local anisotropy does &ect the magnetkation process. The magne- 
tization c w e  for a polycrystalline material shodd lie somewhere between that of 
easy and hard axes of its crystalline counterpart, due to the involvement of domain 
rotations. This is equident  to an increased Ko term, but no direction dependent 
high order terms in equation B.1. 
Amorphous doys  (3d-base) are "true" isotropic materials since there is no crys- 
talline axis. The magnetic moment is no longer restricted by the "lattice", hence can 
choose its orientation according to local environment. Ko can be orders of magni- 
tude smaller than crystalline materials, this is why amorphous materials are usually 
easier to be magnetized. In amorphous material such as Metglas, the magnetostric- 
tion becomes the main reason of magnetic anisotropy. In fact, the macroscopic 
uniaxial easy axis can be introduced by annealing the sample at a temperature 
near Tc in a magnetic field. The anisotropic energy in a field annealed amorphous 
materials has a very simple form: 
E, = K,, + ~ , s i n ~ B .  
Here, 8 is the angle between the local magnetic moment and the field annealing 
induced easy ax is .  
B.3 Magnetic domains 
If only exchange and anisotropic energies were considered, ferromagnetic materials 
should have atl spins aligned in one of the easy directions to form a macroscopic 
moment M, ie., any faromagnetic material should automatically be a saturated 
permanent magnet. This is of cause, not what is observed in the real world. A 
macroscopic moment wiU generate a magnetostatic field which carries a positive 
energy, Enn To reduce the total energy, certain compromises have to be reached 
arnong E, E, and EM. Nature chooses the following configurations for ferromag- 
netic materiah: 
(i) The material is divided into small domains, within which, spins are aligned dong 
the local easy axis. Each domain can be considered as a small saturated permanent 
magnet. This satis& the requirement of low E,. 
(ii) Domains are separated by domain walls, which carry a positive energy, due to 
the no pardel spins across the domain w d .  The thickness of the domain wall is de- 
termined by the cornpetition among E,, EM and E,. The size and the orientation 
of domains are decided in such a way so as to minimize the magnetostatic energy 
without causing much increase in the domain wall energy and magnetic anisotropic 
energy. 
Figures B.2 demonstrate how magnetic energy, EM, is reduced when a large mag- 
netic domain is divided into several smder  ones. Single crystal Fe foms a domain 
structure like that shown in Fig. 5.2 (d), while Co has domain structure of Fig. 5.2 
(e), due to the strong uniaicial anisotropy dong its hexagonal axis. The domains 
of closure are often observed at the surface of the magnetic rnaterials, providing a 
closed loop for magnetic flux. The magnetic energy is, therefore, cornpletely elimi- 
nated. 
(a 
Closure domain structure 
Figure B.2: The origin of magnetic domains. 
B.4 Magnetization process 
The magnetization process is the overd response of domains to the external mag- 
netic field. Taking a single crystal sample as an example, the magnetization process 
can be divided into the following stages: 
(i) At low fields, the domain walls can only be moved slightly away fkom the equi- 
librium position. The domain s tructnre undergoes an elas tic deformation, which 
Figure B -3: Typicd magnetization curve: showing the dominant magnetization 
processes in the different regions of the curve. 
wiU be restored upon withdrawal of the extemal magnetic field. 
(ii) In the intermediate field region, the magnetic field cannot overcome the 
anisotropic energy to rotate the magnetic domain, but it is strong enough to move 
the domain walls to increase the volume of domains pardel  to the extemal field. 
Such a process causes an inelastic deformation, and the domain structure cannot 
be completely restored without the help of a reversal in magnetic field. The domain 
boundary movement is sometimes also referred to as a 180° domain rotation. 
(iii) When the magnetic field is comparable or even higher than the anisotropy 
field, it will pull magnetic moments away fkom the easy axis. This process is called 
domain rotation (or sometimes, 90" domain rotation to distingnish it from 180" 
rotation, dthough the magnetic moments may not necessarily undergo a fXl 90" 
rotation). 
The three regions are not clearly separated, i. e., even at the low field region, a 
s m d  amount of domain rotation can ako take place. It is important to note that 
only 90° domain rotation is responsible for magnetostriction. 
B.5 Magnetostriction 
Magnetostriction is another property that is closely related to the anisotropy of 
the material. Kittel [42] pointed out that magnetostriction can be regarded as the 
dependence of anisotropy energy on the state of strain of the crystal. He extended 
the traditional andysis of E, by including the strain related magnetoelastic terms. 
Under the new definition, anisotropy energy is not only dependent on the orientation 
of the saturation magnetic moment, Ms, but also on the interatomic distance, Le., 
the strain, viz., 
Hae,  the first term is the traditional anisotropic energy, Bi's are magnetoelastic 
coupling constants and the last three terms describe the elastic energy of the mate- 
rial. The %'s and e& are elastic moduli and strain. Without the magnetoelastic 
conplhg (Bi = O), the lattice should normdy stay at a zero strain state. With 
the coupling, however, the strained state becomes the ground state. Thus a unit 
cell of, e.g., cubic iron will automatically distort to a tetragonal below the Curie 
temperature. By minimizing the E, with respect to strain, 
one can calculate the amount of distortion dong each crystal axis, 
and 
The experimentally measured rnagnetostriction constants Xloo and Xlll can be re- 
lated to coupling constants and elastic moduli by: 
2 B 1  XLOO = -- 
3 Cil - Cl2 y 
and 
The dimension change under magnetic field can be visuslized as in Fig. b.4, for the 
case of positive magnetostriction. 
Random 
H=o 
Figure B .4: The magnetostriction process. 
Rom Fig. B.4, one can observe the following: 
(i) Magnetostriction is closely related to the microscopie anisotropy, therefoïe, 
a low symmetry is essential for a large magnetic strain. 
(ii) Magnetostriction is a direct result of domain rotation. The original orienta- 
tion of domains is very important for determinhg the engineering magnetostriction. 
In p a r t i c h ,  domains paraltel or antiparallel to the magnetic field do not contribute 
to the dimension change at all, whilst domains that is perpendicdar to the field 
contribute the most. 
(iii) Stress can greatly affect the domain orientation and the easiness of domain 
rotation. This can result in dramatic changes in the magnetization as well as the 
magnetos triction process. Paramet ers such as pemeability and coercivity are ex- 
tremdy sensitive to stress. 
From the above and the discussions on anisotropy energy in previous sections, it 
seems that large magnetostriction(A.) and low anisotropy field (Ha) are codicting 
requirements, ie., one cannot achieve both in the same material. Indeed, giant 
magnetostrictive materials such as TbFe2 and SmFez cannot be expected to be eas- 
ily magnetized. The reason that Metglas can have a combination of large A. and 
low Ha is because the material has an unique symmetry; a moderate anisotropy 
at atomic level and very high symmetry at lattice level. It has been shown that 
even for giant magnetostrictive materials, making their structures amorphous is an 
effective way to reduce the saturation field. 
B.6 Effect of stress and loading 
The fabrication of the magnetostrictive ribbon sensor involves the bonding of a 
magnetostrictive &bon onto a substrate, which is often accompanied by a stress 
at the interface between the magnetic mataial and the substrate. Such a stress is 
usudy biaxial, due to the the curing of epoxy. Similar situation can also happen 
in Metglas thin film sensors, if the film is deposited at a temperature other than 
room temperature. Stress of this nature can disturb the magnetization process in 
h o  ways: 
(i) For a negative magnetostriction material with a compressive stress (or pos- 
itive magnetostriction and tende stress), domains will be p d e d  away fkom the 
fidd annealed (or in-situ field aligned) direction, but stay in the plane of the rib- 
bon. This will cause a deterioration of the engineering shah(&)  in the magnetic 
material. 
(ii) For the compressive/positive or tensile/negative cases, stress tends to pull 
the magnetic moments normal to the plane. If the moments are originally aligned 
perpendicdar to the plane, as in the case of surface crystdized ribbon, the stress 
is not going to do any harm to the domain structure, but it wïü hold the moments 
tighter in that direction, which is equivalent to an inaease in the anisotropy energy, 
H a  - 
In both cases, the stress has a negative impact on the sensitivity of the mate- 
rial by decreasing the effective magnetoelastic coupling constant, Cetfi Hence, any 
static interface stresses should be avoided whenever possible. 
Even when there is no static stress at the interface, one has to consider the 
mechanical loading of the substrate. The magnetic field induced strain generated 
in the magnetostrictive material is coupled to the substrate through the interface 
stress. The stress will transfer part of the strain to the substrates, and at the meaa 
t h e ,  couter-react on the rnagnetostrictive material. Hence the bonded material 
wil l  appear magnetically harder than it is free standing. 
Appendix C 
Metglas thin film fibre-optic 
interferorneter 
As a fist  test of the thin film deposition technology, the Metglas was deposited 
directly on the optical fibre (see Table C.1 for the specification of the fibre and 
couplers used in this expriment ) . 
Before the deposition, the plastic jacket of the fibre is stnpped mechanicdy. 
Once stripped, the fibre becomes very fragile. The bare fibre is carefdly mounted 
on a cylindrical sample holder (60 mm in diameter) for deposition of the thin film 
(see Fig.C.l). During the deposition, a magnetic field of 300 Oe is applied, and 
sample holder is rotated slowly. The Metglas fXm is coated only on one side of the 
fibre. The deposition conditions have been kept the same as in Chapter 3, except 
for the deposition t h e  which is 60 minutes in this case. 
The Metglas thin film coated fibre is measured using the setup shown in Fig. C.2. 
Fibre 









(2. Metglas "" 
3M 
FS-SN-3224 
630 n m  
single mode 




I x 2, 50150 
The light fkom a He-Ne laser (630 nm) is split evenly to the sensing arm (about 
one meter long) and the reference arm and recombined at the output by directional 
couplas. The length (hence the phase) of the sensing arm is modulated by a mag- 
netic field genaated by a coi1 80 cm long. The photodetector measures the phase 
ciifference between the two -S. The measurement result is recorded by a digital 
osciUoscope. 
MetgIas coated fibre 
Sensing Arm 
Coupler 
\ 0 r 
He-Ne 
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Figure C.2: Metglas coated fibre optic interferometer. 
Illus trated in Fig.C.3 is the measurement result of the interferometer in response 
to a magnetic field of 60 Oe operating at 500 Hz. The fkequency doubling of the 
output signal to that of the diving curent is a clear signature of the magnetostrictive 
response of the Metglas thin film. 
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Figure C.3: Response of the Metglas coated fibre optic interferorneter to a driving 
field of 60 Oe at 500 Hz. 
Appendix D 
Analytic expression of small signal 
voltage gain 
The analytic s m d  signal voltage gain is obtained by solving Eq.(4.11) - (4.13) using 
Maple. Here, the voltage gain is defined as the ratio of output voltage, vat, v.s. 
the relative change of sensor capacitance, a = ACz/Cz: 
vout 
gw = -- 
ck 
(D-1) 
Vd is solved first as a function of a, then expressed as a polynomial of a using 
Taylor expension. gW is the coefficient of the linear term of a. 
1 Cz Va Cgd 
- - ( C x + ~ g s + ~ g d ) ~  - 2  S a p   2 ( (Cx+Cgs+Cgd)'  
Cz2 Va Cgd 
+ 4  
( Cx + Cgs + Cgd )3 
1 2Cx2 +4Cz VU C ~ ~ K R I + ~ C X  c g s + 2 c z  cgd +-  
2 KRI(Cx + Cgs+ cgd)J%i 
- CZ m 
K RI ( Cx + Cgs + Cgd )2 ) / cgd2  + ( Cz + Cgs + Cgd ) Cx 
%l= C x 2 + 4 ~ x  voCgd K R Z + ~ C Z  Cgs+2Cz  cgd+ cgd2 
+ 4 Cgd2 K RI Vdd + Cgs2 + 2 Cgs Cgd 
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